We study the influence of the scheme for the correction for spurious center-of-mass motion on the fit of effective interactions for self-consistent nuclear mean-field calculations. We find that interactions with very simple center-of-mass correction have significantly larger surface coefficients than interactions for which the center-of-mass correction was calculated for the actual many-body state during the fit. The reason for that is that the effective interaction has to counteract the wrong trends with nucleon number of all simplified schemes for center-of-mass correction which puts a wrong trend with mass number into the effective interaction itself. The effect becomes clearly visible when looking at the deformation energy of largely deformed systems, e.g. superdeformed states or fission barriers of heavy nuclei. 
Introduction
It is generally known that the ground-state wave functions of mean-field models break symmetries which had been originally given in the many-body Hamiltonian or effective energy functional. Violation of translational symmetry is unavoidable because the center-of-mass of a system is localised by the mean-field potential. This causes a spurious contribution from the center-of-mass vibrations to the energy and other observables. The problem has been discussed since decades and several solutions have been developed in the course of time, for an overview see [1] . A rigorous way to restore the broken symmetries is the projection method. Projection-before-variation is the perfect solution which has been applied even in realistic applications [2] , but it constitutes a numerically extremely challenging task and is still too costly to be used in large-scale investigations of nuclear structure. A simpler approach is the projection-after-variation method where the mere HFB state is varied but projected wave functions are used to calculate observables [1] . A study of this approach in the context of self-consistent models has hinted that full projection effects could be quantitatively important in light nuclei [3] . Nonetheless, by far the most applications deal with approximate ways to compute the center-of-mass corrections for reasons of feasibility and transferability. The standard procedure is to expand the correction in orders of moments P 2n c.m. and to stop at first order [4] . And even that is often further simplified in various manners. As a consequence there are several recipes around for performing the center-of-mass correction.
This diversity as such could possibly be bearable. The situation is complicated by the fact that all quantitatively successful nuclear mean-field theories employ a phenomenological adjustment of the model parameters [5] . While fitting the parameters one has to decide for one of the current forms of the center-of-mass correction. The first rule to be obeyed is then that all later applications should employ precisely that recipe which had been used during the fit [5] , but the influence of the actual recipe goes further than that. The various approximations in themselves do have slightly different trends with mass number. These differences can be counterweighted to a certain extend by slight readjustments within the model parameters relevant for those trends, but the flexibility of the models is limited and systematic differences appear for larger extrapolations, in case of the center-of-mass correction the computation of nuclear-matter properties and finite nuclei at large deformation, e.g. in superdeformed states or fission. It is the aim of this paper to present a thorough investigation of these subtle side effects from the different recipes for the correction for spurious center-of-mass motion which will be simply denoted as c.m. correction in the following. There are, however, several other correc-tions for spurious motion and broken symmetries to be made, but the c.m. correction is among the most important ones since it is present in all nuclei, while the influence of, e.g. the rotational and vibrational corrections can be suppressed by choosing spherical nuclei with stiff potential energy surfaces. In those, the rotational correction vanishes and the admixture of vibrational excitations to the independent-quasiparticle ground state can be assumed to be negligible.
The paper is outlined as follows: In Sect. 2 we explain briefly the underlying mean-field models in this study. In Sect. 3 we summarise the currently used approximations for the center-of-mass corrections and in Sect. 4, we present and discuss typical observables we find to be sensitive to the treatment of the correction for center-of-mass motion: binding energy systematics and deformation energies. An Appendix presents the formulae needed to calculate the c.m. correction in relativistic and non-relativistic models.
Framework
We investigate the c.m. correction in the frameworks of the self-consistent Skyrme-Hartree-Fock (SHF) approach [6] and the relativistic mean-field model (RMF) [7, 8] . In both, SHF and RMF, models the corrections for spurious motion can be treated non-relativistically.
The numerical procedure represents the coupled SHF and RMF equations on a grid in coordinate space using a Fourier definition of the derivatives and solves them with the damped gradient iteration method [9] . We consider both spherical and axially symmetric deformed configurations.
Pairing correlations are treated in the BCS scheme using a delta pairing force [10] V pair = V q δ(r 1 − r 2 ). The pairing strengths V p for protons and V n for neutrons depend on the actual mean-field parametrisation. They are optimised by fitting for each parametrisation separately the pairing gaps from a fourth-order finite-difference formula of binding energies in isotopic and isotonic chains of semi-magic nuclei throughout the chart of nuclei. The pairing-active space is chosen to include the number of one additional shell of oscillator states above the Fermi energy with a smooth Fermi cutoff weight, for details see [11] .
The center-of-mass correction
The c.m. correction -the change in binding energy from projection-after-variation in first-order approximationis given by 
We will denote this as microscopic c.m. correction throughout this paper, referring to the fact that it is calculated from the actual many-body state. The explicit dependence on mass number of (1) might cause some trouble when calculating mass differences, see [12] . In the framework of energy density functionals, the factor A should be replaced by the integral of the local isoscalar density; since we will use (1) for correction-after-variation only throughout this paper, however, this would make no difference. P cm = kp k is the total momentum operator in the center-of-mass frame, which is given by the sum of the single-particle momentum operators. Although the BCS state has vanishing total momentum P cm = 0, it is not an eigenstate ofP cm , but has a non-vanishing expectation value of its square
The α and β denote single-particle states. The p 2 αα are single-particle expectation values of the square of the single-particle momentum operator. They appear only in the direct term of the correction. The p αβ are off-diagonal single-particle matrix elements of the momentum operator. Their squares result from the exchange terms in P 2 cm . The further evaluation of (2) is outlined in the Appendix.
Although E mic c.m. as given by (1) is already the firstorder approximation for the momentum-projected binding energy there exist numerous further approximations for E 
This was employed so far only in the fit of the Skyrme interactions SLy6 and SLy7 [13, 14] . For HF states without pairing E c.m. gives an additional term to the equations-of-motion but the HF equations can be solved as usual. For HFB states the mean field becomes state dependent, which requires an additional constraint on orthonormal single-particle wave functions in the variational equation as described in [15] . The numerical solution of the resulting equations of motion is very costly, especially in deformed calculations. Therefore this scheme was employed so far only for the description of doubly-magic nuclei where an HF state can be used. (B) The c.m. correction is omitted in the variational equations, but the microscopic correction (2) is considered when calculating the total binding energy
This a posteriori correction scheme is used, e. 
